been reviewed. Sulforaphane is able to induce many cytoprotective proteins, including antioxidant enzymes that work to reduce oxidative stress in brain and neuronal injury, renal-, liver-hyperglycemia and β-cell-, and heart and cardiac cell-damage [16, 17] . Broccoli flower head extract also possesses an antimutagenic property [18] .
In addition, the effect of broccoli genotype on glucosinolate and phenolic compound content and profile has also received attention. A ten-fold difference in total aliphatic glucosinolate and glucoraphanin levels of broccoli florets has been observed among the genotypes examined [19] . The synthesis of aliphatic glucosinolates such as glucoraphanin was foremost regulated by genotype (60%) with environment x genotype (10%) and environmental (5%) factors exerting less effect. In contrast, indolyl glucosinolates such as like glucobrassicin were more closely associated with environment factors (33%) and environment x genotype (21%) than by genotype (12%) [19] . Significant differences have also been reported in vitamin C levels, as well as total glucosinolate and phenolic compounds content in 8 genotypes of broccoli [20] . In the case of seeds and sprouts of broccoli cultivars, compared to indolic glucosinolates, aliphatic glucosinolates are primarily affected by genetic factors [19, 21] .
The glucosinolate-myrosinase system is the characteristic chemical defense mechanism against herbivores in plants of Brassicaceae [22] . The effect of spring or fall growing period on the glucosinolatemyrosinase system under field conditions has also been examined [10, 11] . Total glucosinolate concentrations at harvest had a negative linear relationship with temperature and day length during the two weeks prior to harvest and a positive linear relationship with photon flux over the same two week period. Indole glucosinolate concentrations varied in a similar fashion with mean temperature, day length and photon flux during the four weeks preceding harvest. Glucoraphanin concentrations at harvest not only decreased linearly with mean photon flux from transplanting to harvest but also had a negative linear relationship with daylength from transplanting to harvest [10] . Myrosinase activity on a fresh weight basis (U g -1 ) had a negative linear relationship with temperature, and a positive linear relationship with photon flux. Myrosinase activity on protein basis (U mg -1 ) had a positive linear relationship with both temperature and photon flux [11] .
Phenolic compounds of broccoli florets also possess anticarcinogenic and antioxidant properties [23, 24] , if prepared by steaming, and not by other cooking processes [25, 26] . The effect of solar radiation on the flavonol content in broccoli florets grown in spring and fall cultivation periods under field conditions has also been experimentally described. Quercetin and kaempferol contents were highly positively correlated with total solar radiation from planting to harvest [27] .
Under greenhouse conditions in Brazil, it has been reported that the low soil water content during growth combined with post-harvest cold storage gave the best preservation of antioxidant activity and L-ascorbic acid content in broccoli florets, while phenolic compound content was independent of cultivation or post-harvest storage conditions [28] . There are few literatures dealing with the effect of optimum or low soil water content on the bioactive components of broccoli under field conditions. In an experiment in Quebec, Canada the absence of irrigation significantly increased polyphenolics content in field grown broccoli [29] . Drought stress led to increased aliphatic glucosinolate [30] and flavonoid levels in broccoli [29, 31] and Arabidopsis [22] also.
The aim of the present study was to investigate under field conditions, the effect of irrigation and spring/ fall cultivation period on the phytochemicals present in broccoli florets from identical genotypes.
Experimental Procedures

Plant material and experimental design
Four experiments were carried out in 2010 and 2011. Experiment I and III focused on spring cultivation between April-June and experiment II and IV examined the summer/fall cultivation periods between July and November. In all experiments, Parthenon F 1 cultivar was used [32, In addition to season, florets were subjected to either regular or no irrigation (rainfed control) treatments. The daily potential evapotranspiration of vegetable crops (tomato) is well estimated by expected daily average temperature divided by five expressed in millimeters [33] . The amount of irrigation needed is based on weather forecasting data, and can be easily calculated. Temperature forecast of Hungarian Meteorological Service (http://www.met.hu/idojaras/elorejelzes/) for the next two, two and three day intervals per week were used to calculate the daily potential evapotranspiration, allowing calculation of daily potential evapotranspiration for the forecasting period corrected by amount of precipitation. Thus, if precipitation covered the irrigation demand until the next irrigation date we did not irrigate, but if it was less than irrigation demand, we supplied the amount lost to daily potential evapotranspiration. Regularly irrigated plants were irrigated by calculated amount of water in every Monday, Wednesday and Friday morning ( Figure 1 ) through drip irrigation equipment, one lateral supply for each twin rows. The spacing between the emitters was 0.3 m, and the discharge rates of the emitters' were
Irrigation was not supplied in the case of experiment I, since the spring/summer cultivation period experienced heavy precipitation overall, with rain falling on 39 days with a total of 358 mm (Figure 2) . Irrigation was applied in the case of experiment II, III, and IV by means of the above described drip irrigation system.
Measurement of environmental parameters
Temperature and precipitation were measured six times per hour by SKYE micrometeorological instrument (Skye Instruments Ltd, Llandrindrod Wells, UK).
Chemical analysis
Chemicals
Analytical and HPLC grade methanol and HPLC acetonitrile were from AnalaR Normapur, VWR (Debrecen, Hungary), Folin-Ciocalteu reagent (Merck, Darmstadt, Germany), zinc granules, 2,2-diphenyl-1-picrylhydrazyl (DPPH), standard phenol compounds were purchased from Sigma (St. Louis, MO, USA), Trolox purum (Fluka, Buchs, Switzerland), 1-naphtylamine, 96% acetic acid, ammonia, cadmium acetate, K 4 
Determination of Sulforaphane
The conversion (hydrolysis) of the glucosinolate glucoraphanin to sulforaphane (4-methylsulfinylbutylisothiocyanate) was mediated by myrosinase located in plant tissues. In order to release sulforaphane from glucoraphanin, the lyophilized broccoli sample (1 g) was suspended in 20 ml of 0.1 M HCl, shaken for 2 hours at 42°C [34] . Sulforaphane was extracted twice with 25 ml of dichloromethane. The solvent phases were pooled and dried over anhydrous Na 2 SO 4 . Then the extract was evaporated under vacuum at 40°C. The residues were dissolved in 5 ml acetonitrile. To achieve complete solubility the extract was sonicated for 1 min in a water bath ultrasonic device (Tesla, Roznov, Czech Republic). Sulforaphane was determined by a modified RP-HPLC procedure of [35] . The compounds were separated, using a Nucleosil-100-C18, 3 μm, 4.6x250 mm column with a gradient elution of A (distilled water) and B (acetonitrile) as follows: linear gradient from 70% A/30% B to 25% A/75% B in 0-10 min, isocratic elution 25% A/75% B 10-20 min; gradient elution from 25% A/75% B to 70% A/30% B, 20-22 min; isocratic elution 70% A/30% B, 22-25 min. The flow rate was 0.7 ml minute -1 . The sulforaphane was detected at 195 nm. A Waters Alliance chromatograph consisting of a Model 2695 Separation Module and a Model 2996 photodiode-array detector was used. The chromatograph was operated by Empower software.
Peak of sulforaphane was identified by comparing retention time and spectral properties with those of standard material (Sigma Aldrich St. Louis, MO, USA, ≥95%), which was used as external standard and cochromatographed for quantification.
Determination of Phenols in Broccoli by RP-HPLC Sample preparation
The fresh broccoli florets and non-tough stems were pulped with a blender. Phenol components were extracted from 5 g well homogenized sample with 25 ml 2% acetic acid in methanol. After a 20 minutes shaking (160 rpm/min) the flasks were left at 4°C overnight.
Next day the samples were again shaken for 5 minutes and then filtered through filter paper (Macherey-Nagel folded filter paper, FiFo MN 619 G ¼, 15.0 cm). The residues were washed twice with 2.5 ml solvent. The filtrates were further cleaned by passing through 0.45 µm HPLC syringe filter before injection onto HPLC column for analysis of phenol compounds.
HPLC analysis
A Waters Alliance system consisting of a Model 2695 separation module and a Model 2996 photodiode-array detector was used for the chromatographic analysis of broccoli phenols. The system was operated by Empower software. Chromatographic separation of phenols was performed on EC NUCLEODUR Sphinx RP, 3 µm, 150x4.6 analytical column using gradient elution. The gradient elution started with a linear gradient from 95% A/5% B to 35% A/65% B in 15 min; isocratic elution 35% A/65% B up to 20 min; gradient elution from 35% A/65% B to 20% A/80% B in 4 min; isocratic elution 20% A/80% B for 4 min; gradient elution from 20% A/80% B to 95% A/5% B in 4 min. The injected volume was 20 μl and the flow rate was 0.6 ml min -1 . Peaks of phenol components were identified by comparing their spectral characteristics and retention with those of available standards (apigenin, caffeic acid glucoside, chlorogenic acid, sinapic acid glucoside, and ferulic acid) and values from literature sources. The polymers were identified according to their spectral characteristics and chromatographic behaviour in agreement with the results found by Price and coworkers [36] . Sinapic acid-ferulic acid hetero polymer was tentatively identified basing on appearance of extra absorption maximum at 292 nm in addition to 323 nm of ferulic acid and 273 nm of sinapic acid, and its lower retention on the analytical column as compared to that of ferulic and sinapic acid. As regards homo polymers of ferulic and sinapic acids their identification was based on that they had the same spectral characteristics of unesterified compounds and eluted with time much shorter than of ferulic acid and sinapic acid glucosides.
For quantitative determination the compounds were detected at their absorption maxima (335, 324, 326, 275, 323 nm for apigenin, caffiec acid glucoside, chlorogenic acid, sinapic acid glucoside and ferulic acid, respectively).
Calibration curves of the standard materials were prepared by plotting peak area and concentration of the working solutions of concentration between 0 and 100 µg ml -1 for each one. The calibration curves were used for quantification of phenolic compounds identified in this work.
Determination of total polyphenol content, antioxidant capacity.
To precisely 5 g of ground vegetables, 20 ml methanol was added. The mixture was refrigerated overnight, shaken for 20 minutes, and then filtered. Two parallel extractions were performed. This solution was used for the measurements of total polyphenol and free radical scavenging activity.
Measurement of total polyphenolics
Colour reaction with Folin-Ciocalteu reagent was performed according to Hungarian patent (MSZ 9474-80), in an appropriate dilution. Total polyphenols are given as gallic acid equivalent (GAE) mg g -1 .
Antioxidant activity (free radical scavenging activity)
A slightly modified method of [37] was used. The DPPH stabile free radical was reacted with the sample extract in a relevant dilution at 36°C for 30 minutes. The antioxidant activity is given in trolox equivalent antioxidant capacity (TEAC, mmol kg -1 ).
Statistical analysis
All samples were measured in three repetitions. The data were analysed by two-factor analysis of variance (ANOVA) with repetitions and the means separated using the Student's test at P=0.05.
Results and Discussion
Weather conditions
The two years were significantly different in precipitation. The year of 2010 had the highest total amount of precipitation in the last hundred years based on Hungarian records. In contrast, the year of 2011 experienced drought conditions. During spring, average daily precipitation was almost three times more (4.7 and 1.3 mm day -1 respectively) in 2010 than in 2011. Similarly, in autumn, average daily precipitation was more than five times greater in 2010 (2.6 mm day -1 ) than in 2011 (0.5 mm day -1 ). Unsurprisingly, nonirrigated broccoli plants suffered water shortage in 2011 (but not 2010), from the higher evaporative demand and lower precipitation (Figures 1 and 2 ). The rainfall would have been appropriate for broccoli plants in 2010 but the distribution and intensity of precipitation was unfavourable in autumn. In part due to the rain, average temperatures (average of daily maximum and minimum temperature) were different between 2010 and 2011 during spring season, 15.6 and 16.5°C respectively. The average temperature of autumn season did not differ considerably; 15.0 and 14.8°C in 2010 and 2011 respectively.
Sulforaphane
The sulforaphane could be detected and quantified by using external standard material, and Figure 3 shows a representative trace of sulforaphane separation by HPLC chromatogram. In the chromatogram a compound with higher retention time appeared in all samples analysed with slightly difference in spectral characteristics. This peak is most probably due to sulforaphane-nitrile, which is usually formed during acid hydrolysis of glucosinolate. Since a suitable standard was not available in our laboratories to allow quantification of this peak, this information has been excluded from this work.
Average sulforaphane content in florets varied between 9.9 and 260.6 mg kg -1 (in FW), but depended on both cultivation period and irrigation treatment (Table 1) . During the spring cultivation period in 2010 there was 380 mm precipitation, thus there was no water shortage in the non-irrigated treatments. It was found that as a result of drought stress sulforaphane content increased only at autumn harvests of main broccoli florets, which agreed with previous reports [22, 30] , but not with Robbins and co-workers [38] . Higher level of water supply, than our irrigation treatments, has been reported to increase the level of glucosinolates in broccoli plants, making them more tolerant against pest and insects [30] . The sulforaphane content of main florets in the fall harvests was considerably greater than in the spring harvested florets in both years. The reasons for this are in part due to the changes in air temperature, especially the low, near freezing temperatures measured during the development of the florets [4, 19] , and not the defence mechanism against herbivores of Brassica crops [30] . Under optimal water supply the sulforaphane content of the fall harvested broccoli main florets was three to four-fold higher than in those harvested in June in both years. The side florets were harvested on October 28 2010 and 18 November 2011 and a great increase in sulforaphane content was measured compared to the first fall harvests (main florets). These results are of great importance from human nutrition point of view since sulforaphane has high anitioxidant activity that increases the bioactivity of the product and makes it of higher functionality.
Sulforaphane content of side florets than that in main florets and overall content was twofold greater was significantly higher in all treatments and years which is agreeing with the findings of previous reports [4, 19] .
Total phenolics
Concentrations of phenolic compounds has been found to increase during the floret development stages [39] , so harvest date has an influence on total polyphenol content [40, 41] . Greatest levels of total phenolics were observed in spring, but were significantly different between irrigated and rain fed treatments only in 2011. Irrigation decreased (by 40% in 2011) the total polyphenol content in spring, but this decrease occurred to a lower extent in autumn. The decrease in polyphenol content due to irrigation treatment in spring was significant in spring, but not in autumn, in 2011 (Table 2) . Overall, no detectable pattern of irrigation effect was seen on total phenolics production, despite the results of previous studies [11, 38] . Formation of higher amount of phenolic compounds was influenced by higher temperature rather than temperatures in broccoli plants [41, 42] . In a relevant study indirect effect of drought stress has been found to be due to the higher temperature of plants and plants' organs through lower evapotranspiration, resulting in higher phenolic content [43] .
TEAC
As in total phenolics, harvest date affected TEAC levels in a similar way to that found by Aires and co-workers [40] . In spring of 2010, TEAC was higher than that of florets from autumn harvests (4.3 vs 3.4 mmol kg -1 ) but no effect of irrigated treatment was observed. However, when harvest date was considered, there was a significant effect of irrigation treatment between spring and autumn season harvests in 2010. Irrigation caused significantly higher (24%) TEAC in spring than autumn only in 2010, but not in 2011. There was significant higher (61%) TEAC in spring than autumn in non-irrigated plants, in 2011. In both years the highest values were measured in the spring treatments (Table 2) , which is explicable by near abiotic stress proof environment [44] . Antioxidant activities are highly correlated with phenolic compounds [40] and glucosinolates [45] and the climatic factors are very important because they can interfere in the chemical biosynthesis and therefore affect the final concentration of bioactive compounds [11, 40, 46] .
Phenolic composition
Phenolic compounds of broccoli florets are classified into two groups, the flavonoids and phenolic acids [20, 40] . Developmental stage of inflorescence is the main factor affecting their accumulation [20, 43] . In main florets, caffeic acid glucoside was one of the major phenolic acid components both in spring and autumn harvested broccoli in both years (Table 3) , which is in agreement with previous studies [20] . Although the quantity was not significantly different between spring and autumn, it was significantly higher in autumn side florets (by 15 to 100% in both years) compared to spring or autumn main florets, maybe due to lower temperature [20] . No significant seasonal changes were found for apigenine derivative. Irrigation significantly increased chlorogenic acid content in the first autumn harvest in 2010, but decreased in 2011. Late harvest had no significant effect on chlorogenic acid content, which is in agreement with the findings of Fernández-León and co-workers [45] . Sinapic acid glucoside content was significantly higher in autumn (three to six-folds) than in spring season of 2010, but lower than in spring 2011. Also there was a significant effect of irrigation in the spring on sinapic acid glucoside content of autumn side florets, which increased by 23 to 100%.
In autumn an overall trend of decreasing total sinapic-ferulic-acid polymers was observed, with the highest values observed in the rain-fed spring treatment in 2011. This is dissimilar to the findings of Vallejo and co-workers [20] , most probably due to the difference in the cultivars used in the studies. There was no seasonal effect on total sinapic-acid polymer content, but values in the irrigated autumn treatments were significantly higher in 2011 in both main and side florets, by between 69 to 100%. Ferulic acid content was, however, affected by the seasonal variation, with the highest values measured in the fall main and side florets, as found by Vallejo and coworkers [20] . Interestingly, a significant and substantial increase in ferulic acid content (54%) was seen in irrigated autumn side florets, but no significant irrigation effect on polymer content in autumn main florets was observed. Ferulic acid polymer was significantly higher in all the autumn treatments with highest values measured in irrigated autumn side florets (almost two-fold) as compared to spring values (Table 3) .
Our results demonstrated bigger proportion of phenolic acids in total phenolics, but the seasonal effect of phenolic composition was different than the observed under a warmer climate [20, 47] . Table 3 . 
Conclusions
Water-logging and drought stress led to increased aliphatic glucosinolate and flavonoid levels in Arabidopsis. Our results suggest that cultivating broccoli under optimal temperatures will produce broccoli with higher nutritive and bioactivity values through activated glucosinolate biosynthesis. It is also concluded that sulforaphane content can be increased through autumn harvesting of broccoli regardless of irrigation treatment. Clearly, harvest season can substantially affect antioxidant activity as implied by TEAC values recorded in this study. The highest antioxidant activity can be found in spring in harvests, as indicated by total phenolics content, the main antioxidants in broccoli. But interpreting the cumulative effect of antioxidant properties of analysed compounds on TEAC values is difficult, as many significant antioxidant components e.g. ascorbic acid, carotenoids and chlorophylls, remain poorly understood.
Irrigation and cultivation period also affect the phenolic content of broccoli florets, although the different components were inconsistent in their effects in different environmental conditions. We assume that the main effect of irrigation is due to higher yield and lower stress, and thus the secondary metabolites, particularly phenolic compounds, are less produced and slightly diluted. Investigation of the effects of environmental factors on metabolism of identified phenolic compounds is certainly warranted.
